Non-green sycamore cells (Acer pseudoplatanus L.) treated with 50 µM Cu 2+ showed a reversible arrest of cell growth after 5 d, indicating that the concentration used was sub-lethal for the cells. Growth arrest was accompanied by hexose and nucleotide-phosphate accumulation and, in contrast with previous reports, no polar-lipid degradation was found. Sub-lethal Cu 2+ exposure resulted in an increase in phospholipid amounts, mostly due to an increase of phosphatidylethanolamine. Although the total amount of glycolipids was not significantly changed, Cu 2+ exposure changed the relative concentrations of monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) and sulphoquinovosyldiacylglycerol (SQDG). There was a marked increase of DGDG whereas MGDG and SQDG declined. Our results suggest an increase of DGDG synthesis through a pathway similar to the recently described DGD2 pathway and an inhibition of SQDG synthesis. Furthermore, we observed modifications of fatty acid composition of the plastid synthesised lipids. A significant increase in linoleate (18:2) and a decrease in linolenate (18:3) were found in MGDG, DGDG, SQDG and phosphatidylglycerol (PG), reflecting a deficient desaturation of plastid-located 18:2 fatty acids. In SQDG and PG, Cu 2+ treatment also induced a strong enrichment of palmitate (16:0). The effects of Cu 2+ on DGDG synthesis and fatty acid desaturation are discussed.
Introduction
Copper is an essential microelement for plants [30] , involved in metabolism as cofactor of various proteins with important functions such as superoxide dismutase, polyphenol oxidase, cytochrome oxidase and plastocyanin. When in excess, this cation can become highly toxic. Phytotoxic amounts of Cu 2+ most frequently originate from urban, industrial (smelters) and agricultural (cupric fungicide treatments) activities. At the level of whole plants, excess Cu 2+ is known to inhibit growth and photosynthesis, the thresholds of toxicity being dependent on the plant species [9, 14, 25] . Due to their high potential to generate free radicals, high concentrations of Cu 2+ are known to trigger oxidative damage and alteration of cell membrane properties by peroxidation of lipids [17, 25, 26, 32, 33] , resulting in a decline of lipid contents. However, little is known about the specific effects of Cu 2+ on lipid metabolism. When plants were supplied hydroponically with excess Cu 2+ , decline of monogalactosyldiacylglycerol (MGDG) content in thylakoids was described [15, 16] . Similar MGDG decrease in presence of other heavy metals such as Cd 2+ or Pb 2+ was attributed to an increase of galactolipase activity [27, 31] . Reports of effects of Cu 2+ on other lipids were contradictory. Ouariti et al. [20] found that all polar lipids decreased in Cu 2+ -treated Lycopersicon esculentum roots and leaves. Conversely, in thylakoid membranes from Spinacia oleracea, Maksymiec et al. [15] reported a decrease of MGDG and an increase of digalactoAbbreviations: ACP, acyl carrier protein; DAG, diacylglycerol; DGDG, digalactosyldiacylglycerol; DPG, cardiolipin; MGDG, monogalactosyldiacylglycerol; P-, phosphoryl; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; SQDG, sulphoquinovosyldiacylglycerol; GPC, glycerophosphocholine; GPE, glycerophosphoethanolamine; GPG, glycerophosphoglycerol; GPI, glycerophosphoinositol; PGA, glycerate-3P; lyso-PC, lyso-phosphatidylcholine; 16 syldiacylglycerol (DGDG), sulphoquinovosyldiacylglycerol (SQDG), phosphatidylcholine (PC) and of the most typical plastid phospholipid, also occurring in other membranes, phosphatidylglycerol (PG). In addition, Maksymiec et al. [16] described lower contents of MGDG, PG and PC and slightly higher contents of DGDG and SQDG in the roots of Phaseolus coccineus. Increased levels of palmitate (16:0) compared to stearate (18:0) and decreased unsaturated derivatives of 18:0 were also reported in brown algae in the presence of elevated Cu 2+ , presumably resulting from a change in acyl-ACP transferase activities [28, 29] . Similar results have been reported in higher plants, however attributing the phenomenon to Cu 2+ -derivated lipid peroxidation, lipooxygenase or lipid deacylase activities [7, 14] .
Using sycamore (Acer pseudoplatanus L.) cell suspension, a model permitting the control of culture conditions, in particular Cu 2+ concentrations, we found that sub-lethal Cu 2+ concentrations (50 µM) strongly induce mitochondrial alternative oxidase and reduce cell respiration due to the arrest of mitochondrial biogenesis [21, 22] .
In the present work, we use the same non-green cell suspension model to further analyse the effect of a sub-lethal Cu 2+ concentration on soluble phosphorylated metabolites and on membrane lipids. We report that sub-lethal Cu 2+ excess does not result in lipid degradation and we show a decline of MGDG and a concomitant increase of DGDG. The effects of Cu 2+ on DGDG synthesis and fatty acid desaturation are discussed.
Results

Effects of copper concentration on cell growth
In order to analyse the effects of excess Cu 2+ in plants it is of particular importance to establish the conditions of sublethality. Fig. 1 shows that 50 µM Cu 2+ resulted in growth arrest after 5 d of treatment, as demonstrated by the arrest of both fresh and dry wt. Cell density was maintained for 12 d and growth could be reinitiated at any time with a 48 h lag phase after removing Cu 2+ from the culture medium by extensive washing with fresh control medium. In contrast, growth was immediately stopped in cells treated with 100 µM Cu 2+ and cell death occurred within 3 d [21] . From these results and those previously reported [21, 22] , we considered that sub-lethal conditions were obtained when cells were exposed to 50 µM Cu 2+ for 5 d.
Metabolite analysis
Starch and soluble metabolites were analysed using biochemical methods and 31 P-NMR to assess the overall state of cell metabolism at the fifth day of 50 µM Cu 2+ exposure. Consistent with growth arrest, the results in Table 1 shows that sucrose, glucose and fructose as well as hexose-P and their derivatives (glucose-6P, frutose-6P, mannose-6P, UDPglucose and UDP-galactose) accumulated in Cu 2+ -treated cells, while the levels of ATP and NAD(P) did not change significantly. Interestingly, no significant changes were noted in the starch (Table 1 ). Table 1 also shows the marked decline of cell concentrations of the phosphodiesters glycerophosphocholine (GPC), glycerophosphoglycerol (GPG), glycerophosphoinositol (GPI). The role of these compounds in plant metabolism is still unclear, but they are possible intermediates in phospholipid turnover (synthesis and/or degradation). In this context, our results also show that phosphocholine and phosphoethanolamine, two markers of autophagic phospholipid degradation [3] , do not accumulate in cells treated with 50 µM Cu 2+ , while they accumulate, respectively, to 320 and 115 nmol g -1 wet wt, at the lethal concentration of 100 µM Cu 2+ . These results prompted us to further analyse the effects of sub-lethal Cu 2+ on cell polar lipids and their fatty acids on fifth day of Cu 2+ treatment.
Membrane lipids
Polar lipid composition
The cells exposed to 50 µM Cu 2+ for 5 d showed a 9.5% increase of polar lipid mass on a fresh wt basis (Table 2) . Being under 10%, this increase was considered nonsignificant and reflected mainly the small increase in phospholipid (10.5%) amount whereas the glycolipid amount decreased non-significantly (8%) ( Table 2 ). Among phospholipids, PC and phosphatidylethanolamine (PE) increased in Cu 2+ -treated cells, with a high increase of PE (20%) and a non-significant increase of PC (9%) ( Table 2 ). Phosphatidylinositol (PI) and PG were stable. In contrast, cardiolipin (DPG) mass was markedly reduced by 29% in agreement with a previous report on mitochondria decline [21] .
Although the total amount of glycolipids undertook only a minor decreases, it was of particular interest to observe that Cu 2+ exposure triggered a significant alteration of the relative amounts of MGDG, DGDG and SQDG. There was a clear increase of DGDG (20%) in Cu
2+
-treated cells, whereas MGDG and SQDG declined (29% and 44%, respectively) ( Table 2 ).
Fatty acid composition
We further analysed the total fatty acid composition of the 50 µM Cu 2+ -exposed cells. The proportion of linolenate (18:3) in fatty acids was lower in treated cells as compared to control cells (20.5% instead of 25.8%) (Fig. 2) . On the other hand, 16:0 and linoleate (18:2) were slightly higher (25.9% instead of 23.6% and 47.0% instead of 44.1%, respectively) (Fig. 2) .
When the lipids were analysed individually, we observed that the Cu 2+ treatment did not affect the proportion of fatty acids within PE, PC, PI and DPG (Fig. 3) . In contrast, PG, DGDG, MGDG and SQDG showed an increase in 18:2 and a concomitant decrease in 18:3 ( Figs. 3 and 4) . In SQDG and PG, Cu 2+ treatment induced a strong enrichment in 16:0. 
Discussion
In the present work, we were able to analyse the effects of Cu 2+ on plant metabolism under sub-lethal conditions, as shown by the reversible arrest of growth at a concentration of 50 µM copper. Under these conditions the arrest of growth was characterised by an accumulation of soluble sugars (sucrose, glucose and fructose) and phosphorylated hexoses, while starch was not affected. This is consistent with the fact that the carbon source was not limiting, since the medium was continuously renewed with more sucrose every 2 d. Metabolism must be slowing down, in a context of decline of respiration due to a decrease of mitochondria [21] . The fact that glucose increased in copper-treated cells without a concomitant proportional increase in glucose-6P suggests that glucokinase is not able to phosphorylate the excess of glucose, possibly due to saturation or partial inhibition. Interestingly, fructose phosphorylation was less affected as indicated by a marked increase in fructose-6P, which may reflect a preferential phosphorylation of fructose vs. glucose.
Several authors [17, 25, 26, 32, 33] have described Cu 2+ -mediated polar lipid degradation processes in plants, through increased lipooxygenase, lipase or peroxidation activities. In sycamore cells, polar lipid degradation has been described under conditions of carbon starvation [3, 12] . This stress results in autophagic degradation of membranes accompanied by an accumulation of phosphocholine, a compound that cannot be metabolised as long as growth is stopped. In the present work, we observed that sub-lethal copper concentrations did not result in the accumulation of phosphocholine, consistent with the absence of decline of total polar lipids. On the other hand, lethal concentrations of Cu 2+ (>100 µM) were characterised by a marked accumulation of phosphocholine and a concomitant decline of polar lipids (result not shown), suggesting that polar lipid degradation was occurring. These results suggest that lipid degradation may be a toxic effect of copper at high concentrations while sub-lethal concentrations do not produce lipid decrease and result in specific effects on lipid metabolism (see below).
A slight increase of phospholipids was observed in Cu 2+ -treated cells, mostly due to the major phospholipid PE. This could be a sign of extraplastidal membranes expansion associated to a greater cell volume, as reported by Pascal and Douce [24] in sycamore cells exposed to iron deprivation. Interestingly, De Vos et al. [7] observed that Cu 2+ -stress resulted in an increase of polar lipids in S. cucubalus cultivar tolerant to copper, while non-tolerant cultivars showed a decline of lipids when exposed to excess copper.
Although the total glycolipids (MGDG, DGDG and SQDG) concentration remained rather similar in both control and Cu 2+ -treated cells, we found differences in their proportions. MGDG declined markedly, as already reported by several authors [15, 16, 20] who attributed this effect to the differential specificity of galactolipase, which would preferentially degrade MGDG instead of DGDG. Ouariti et al. [20] observed a reduction of the content of both MGDG and DGDG. In contrast, in our work, sub-lethal Cu 2+ -treatment sycamore cells leads to increased DGDG level that is well correlated with the decrease in MGDG level, suggesting a conversion of MGDG to DGDG. Moreover, no galactosylglycerol was detected (not shown) suggesting that Cu 2+ did not stimulate galactolipase activity.
The accumulation of DGDG in sycamore cells may originate from different pathways. First, DGDG could originate from the usual pathway of DGDG synthesis that involves two MDGD molecules in order to form DGDG and diacylglycerol (DAG) [11] . This hypothesis is not consistent with the 1:1 stoicheometry observed for MGDG decrease vs. DGDG increase. Second, DGDG could originate from the direct galactosylation of MGDG with UDP-galactose through the recently discovered DGD2 pathway [13] or a similar pathway. In this context, UDP-galactose as well as phosphohexoses accumulated in A. pseudoplatanus cells submitted to 50 µM Cu
2+
. Interestingly, Kelly and Dörmann [13] suggested that the DGD2 protein was involved in the synthesis of DGDG under stress conditions such as phosphate deficiency.
Regarding the synthesis of MGDG, A. pseudoplatanus is a C18 plant [23] and, therefore, has very little prokaryotic pathway. This implies that MGDG should originate from endoplasmic reticulum PC. One hypothesis is that MGDG is formed from lyso-phosphatidylcholine (lyso-PC) imported into the plastids [18, 19] . Akermoun et al. [1] demonstrated that one enzyme of this pathway, lyso-PC acyltransferase, is extremely sensitive to Cu 2+ -stress. As we did not observe a decrease of total plastid lipids, it is possible that the sublethal Cu 2+ -stress is not strong enough to achieve full inhibition of this enzyme or that an alternative pathway for plastid lipid biosynthesis from PC does occur (see [34] ).
The marked decrease of SQDG in Cu 2+ -treated cells can possibly reflect either a better galactosylation of DAG than sulfoquinovosylation or the inhibition of the enzyme responsible for the formation of SQDG.
The analysis of fatty acids permitted to document the effects of sub-lethal copper exposure on fatty acid elongation and desaturation. Interestingly, and in contrast to some reported studies [15, 20] , we only found fatty acid effects in the plastid lipids. In SQDG and PG our results show that Cu 2+ triggered the accumulation of 16:0 fatty acids at the expense of C18 species. In these sub-lethal conditions, however, neither an inhibition of the chain elongation, nor an effect on the specificity of the acyl-ACP thioesterase seems likely since only two of the plastid lipids were affected. Smith et al. [28, 29] suggested that Cu 2+ induced a specificity change of the plastid located acyl-ACP transferase involved in the prokaryotic pathway. Even if A. pseudoplatanus cells have very little prokaryotic pathway, we cannot rule out this hypothesis.
Concerning fatty acid desaturation, some authors [7, 20] referred that while Cu 2+ did not cause any effect on 18:0 concentration, 18:1 accumulated and 18:2 and 18:3 concentrations were reduced in all polar lipid species. These results reflect a general inhibition of fatty acid desaturation or a general degradation of unsaturated fatty acids. Our results are clearly different since the exposure to 50 µM Cu 2+ only affected the fatty acids of plastid polar lipids. In fact, we show that in all plastid lipids (PG, SQDG, MGDG and DGDG), 18:2 accumulated and 18:3 decreased while the concentrations of 18:0 and 18:1 did not change. The decrease of 18:3 species through deacylase or peroxidation is not likely since no indication of peroxidation was observed and the 18:3 decrease is concomitant with a specific accumulation of 18:2 species. This same result was referred by Pascal and Dorne [23] in A. pseudoplatanus cells under iron deprivation stress and it was attributed to the possible existence of an iron centre in the fad6 and/or fad7 encoded fatty acid desaturases. Our results are consistent with a specific inhibition by Cu 2+ of the fatty acid desaturation from 18:2 to 18:3, by interfering with the fad6 and/or fad7 encoded desaturases or associated proteins. In fact, two of the proposed mechanisms for Cu 2+ inhibition of enzymes are by metal substitution or mercaptide formation with sensitive thiol groups [6, 32] .
Under the sub-lethal conditions herein described we found Cu 2+ effects on mitochondria (decline in DPG, arrest of mitochondria biogenesis, enzyme induction [21, 22] ) and on plastids (DGDG synthesis and inhibition of 18:2 desaturation) that are clearly different than the effects reported by many authors under lethal Cu 2+ concentrations. The reversible Cu 2+ -stress we report here may help clarify some basic questions such as how Cu 2+ is transported towards cell organelles and how the cell metabolism is protected from deleterious effects of copper.
Methods
Plant material
Sycamore cells (A. pseudoplatanus L.) used in this study were grown at 20°C as a suspension in liquid nutrient media containing sucrose [5] . The culture medium was kept at a volume of 0.3 l and stirred continuously at 60 rpm. Control cells were grown with traces of Cu 2+ (0.2 µM). In order to maintain a constant supply of Cu 2+ for the control and treated cells, the appropriate culture medium were renewed every 48 h. Under these conditions, the wet wt doubling time for control cells was 3.5-4 d. and the maximum density of sycamore cells was attained after 13-15 d as described by Pádua et al. [21] . The cells wet wt was measured after straining culture aliquots through a glass-fibre filter. The cells dry wt was determined after dehydration for 8 h at 80°C. Each experiment was repeated at least five times with cells originating from independent cultures.
Carbohydrate measurements
Sucrose, glucose and fructose were extracted from 100 mg wet wt of sycamore cells submitted to 0.2 µM (control) and 50 µM Cu 2+ for 5 d and analysed according to Aubert et al. [3] . Starch was measured as glucose equivalents after hydrolysis with amyloglucosidase as described by Aubert et al. [3] . Quantification performed in a Beckman DU640 spectrophotometer. Each experiment was repeated at least five times with cells originating from independent cultures.
31 P-NMR analysis
Perchloric acid (PCA) extracts were prepared from 10 g of cells as described by Aubert et al. [3] . Spectra were obtained on a spectrometer (AMX 400) equipped with a 10-mm multinuclear probe tuned at 161.9 and 100.6 MHz for 31 P-NMR. The deuterium resonance of 2 H 2 O (100 µl added per ml of extract) was used as a lock signal. Conditions for 31 P-NMR acquisition utilized 15-µs pulses (70°C) at 3.6-s intervals and a sweep width of 8.2 kHz. Broad-band decoupling at 1 W during acquisition and 0.5 W during delay was applied using the Waltz sequence; the signal was digitized using 8000 data points zero-filled to 16,000 and processed with a 0.2 Hz line broadening. Spectra were referenced to methylene diphosphonic acid (pH 8.9) at 16.38 ppm. The assignment of resonance of inorganic phosphate and soluble Pi-containing compounds to specific peaks observed on in vitro 31 P-NMR spectra was carried out as described by Gout et al. [10] . Identified compounds were quantified from the surface of their resonance peaks using fully relaxed conditions for spectra acquisition (pulses at 20-s intervals) as described elsewhere [2, 10] . Each NMR experiment was repeated at least five times with cells originating from independent cultures.
Lipid measurements
Lipids were extracted from 5 g wet wt of sycamore cells submitted to 0.2 µM (control) and 50 µM Cu 2+ for 5 d and analysed according to Douce et al. [8] . Polar lipids were resolved by two-dimensional TLC [8] . Lipids were identified by the chemical methods described previously [4, 12] . The lipids thus obtained were trans-esterified and their methylated fatty acids were separated by gas chromatography after using Perkin Elmer autosystem XL with a BPX70, SGE column with a Flame Ionization Detector. Fatty acids were identified and quantified as described by Douce et al. [8] . Each experiment was repeated at least five times with cells originating from independent cultures.
